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Introduction
The hippocampus is a forebrain structure that plays a central role in stress, anxiety and memory processing (for review, see McEwen, 1999) . In rodents, it presents a long and curved form along its dorsoventral axis, with a basic intrinsic circuitry being maintained throughout this axis (Strange et al. 2014) .
The dominant view is that the dorsal hippocampus (DH) is implicated in memory and spatial navigation, and the ventral hippocampus (VH) mediates anxiety-related behaviours (Bannerman et al. 2004) . This functional division can be anatomically explained partly by the different pattern of connectivity with cortical and subcortical areas (Strange et al. 2014) . However, this 'dichotomic view' has recently been revised, and some authors suggest that the hippocampus shows a dorsoventral topographical gradient. According to the new topographical division, the hippocampus can be divided into functionally and anatomically different regions along its longitudinal axis (Moser & Moser, 1998; Strange et al. 2014) .
Preliminary data from our group suggested that injection of glutamate into the DH increases both blood pressure (BP) and heart rate (HR) in anaesthetized rats (Moraes-Neto TB, Scopinho AA, Joca SRL, Corrêa FMA & Resstel LBM. unpublished observations). Moreover, other studies also show that electrical stimulation of the hippocampus promotes autonomic changes, such as an inhibition of respiration (Andy & Akert, 1955; Anand & Dua, 1956b) , inhibition of antral peristalsis (Kaada, 1951) , increase in BP, increase or decrease in HR (Anand & Dua, 1956a ) and increase in sympathetic activity (Akert & Andy, 1953) , wherein the response elicited depends on the site of electrical stimulation within the hippocampus.
Several studies have shown that forebrain areas, such as the medial prefrontal cortex (MPFC), bed nucleus of stria terminalis (BNST), hypothalamus and amygdala, can modulate baroreflex function (Crestani et al. 2008 (Crestani et al. , 2010a Ferreira-Junior et al. 2012; Fortaleza et al. 2015) . The baroreflex is responsible for maintaining BP at homeostatic levels (Guyenet, 2006) . Baroreceptors in the aortic arch and carotid sinus are activated by increases in BP (Guyenet, 2006) . This information is integrated in the solitary tract nucleus that sends projections to other bulbar areas, e.g. ventrolateral medulla, nucleus ambiguous and the dorsal nucleus of the vagus (Guyenet, 2006) . However, it is likely that forebrain areas may modulate the baroreflex in specific situations, such as during stress conditions (Nosaka, 1996; . As mentioned, the hippocampus plays a crucial role in mediating stress responses. However, little is known about its involvement in baroreflex control.
Given that the dorsal and ventral regions of the hippocampus play distinct roles in the modulation of several responses, including autonomic and cardiovascular changes, the present work tested the hypothesis that the hippocampus modulates cardiac baroreflex function in a different manner depending on the dorsoventral subareas activated.
Methods

Ethical approval
Experimental procedures were carried out according to the protocols approved by the Ethical Review Committee of the School of Medicine of Ribeirão Preto (protocol no. 128/2010 
Animal preparation
Male Wistar rats weighing 230-270 g were used in the present experiments. Animals were obtained from the animal breeding facility of the University of São Paulo (Ribeirão Preto, SP) and were housed individually in plastic cages in a temperature-controlled room at 25°C in the Animal Facility of the Department of Pharmacology, School of Medicine of Ribeirão Preto. Animals were kept under a 12 h-12 h light-dark cycle (lights on between 06.00 on 18.00 h) with food and water ad libitum.
Rats were transported to the experimental room and remained in their cages throughout the experiment. Experiments were performed during the morning (08.00-12.00 h) to minimize possible interference from circadian rhythms. Before starting the surgical procedures, rats were anaesthetized with ketamine (100 mg kg −1 , I.P.; Sespo, Ind e Comércio, Paulínia, SP, Brazil) and xylazine (20 mg kg −1 , I.P.; Sespo). To assess the level of consciousness by the degree of antinociception (lack of response to noxious stimuli) after the induction of general anaesthesia, we gently pinched the hindpaw of the animals and observed the musculoskeletal response and cardiovascular and respiratory function.
Drugs used
The following drugs were used: phenylephrine (phenyl; 70 μg ml −1 at 0.4 ml min −1 kg −1 , I.V.; Sigma-Aldrich, St Louis, MO, USA); sodium nitroprusside (SNP; 100 μg ml −1 at 0.8 ml min −1 kg −1 , I.V.; Sigma-Aldrich); 1 mM cobalt chloride (CoCl 2 ; 500 nl administered into the hippocampus; Sigma-Aldrich); 2% lidocaine (S.C.; S.S.White, Rio de Janeiro, RJ, Brazil); ketamine (100 mg kg 
Surgical procedures
After induction of general anaesthesia with ketamine and xylazine and local anaesthesia with 2% lidocaine, the skull was surgically exposed, and stainless-steel guide cannulae (26 gauge) were implanted bilaterally into the DH, VH or an intermediate (IH) area between the dorsal and ventral hippocampus using a stereotaxic apparatus (Stoelting, Wood Dale, IL, USA). Stereotaxic co-ordinates for cannula implantation were selected from the rat brain atlas of Paxinos & Watson (2007) . The co-ordinates used in the DH were as follows: anteroposterior (AP), −3.8 mm; lateral (L), +2.8 mm from the medial suture; and ventral (V), −2.2 mm from the skull. The co-ordinates used in the IH were as follows: AP, −5.2 mm; L, +5.2 mm from the medial suture; and V, −3.5 mm from the skull. The co-ordinates used in the VH were as follows: AP, −5.5 mm; L, +5.0 mm from the medial suture; and V, −4.1 mm from the skull. Cannulae were fixed to the skull with dental cement and one metal screw. After the surgery, animals were treated with a polyantibiotic preparation of streptomycin and penicillin to prevent infection and with the non-steroidal anti-inflammatory flunixin meglumine for postoperative analgesia.
One day before the experiment, rats were again anaesthetized with ketamine and xylazine, and a catheter (a 4 cm segment of PE-10 tubing that was heat-bound to a 13 cm section of PE-50 tubing; Clay Adams, Parsippany, NJ, USA) was inserted into the abdominal aorta through the femoral artery. This catheter was used for BP recording. A second catheter was implanted into the femoral vein and was used for infusion of vasoactive drugs to evoke arterial BP changes. Both catheters were tunnelled under the skin and exteriorized on the animal's dorsum. Animals were treated with the non-steroidal anti-inflammatory flunixin meglumine for postoperative analgesia.
Drug injection procedure
Needles (33 gauge) used for microinjection into the DH or IH were 1 mm longer than the guide cannulae, whereas the needles used for microinjection into the VH were 2 mm longer than the guide cannulae. The needles were connected to a 2 μl syringe (7002-H; Hamilton Co., Reno, NV, USA) through PE-10 tubing. The needle was carefully inserted into the guide cannula. Cobalt chloride or saline was injected in a final volume of 500 nl over a 10 s period. After a 30 s period, the needle was removed and inserted into the second guide cannula for microinjection into the contralateral hippocampus. The injections were carried out in freely moving animals.
Baroreflex assessment
The baroreflex was activated by phenyl (70 μg ml −1 at 0.4 ml min −1 kg −1 , I.V.) or SNP (100 μg ml −1 at 0.8 ml min −1 kg −1 , I.V.) infusion using an infusion pump (KD Scientific, Holliston, MA, USA). Phenyl or SNP infusion lasted 30 s and caused, respectively, an increase or a decrease in BP (Resstel et al. 2004; Alves et al. 2009b ).
Method of baroreflex evaluation
Linear regression was generated matching induced mean arterial pressure (MAP) variations with reflex HR responses. Paired values of MAP ( MAP) and HR ( HR) variations were plotted to create the linear regression for each rat, and their slopes were compared to test changes in baroreflex gain (Ferreira-Junior et al. 2012) . We have used linear regression to analyse either bradycardia or tachycardia responses separately (Alves et al. 2009a ).
Measurement of cardiovascular responses
Pulsatile arterial pressure in freely moving animals was recorded using a preamplifier (AECADE 04P) and an acquisition board (Power Lab; AD Instruments, Dunedin, New Zealand) connected to a computer. The MAP and HR values were derived from pulsatile recordings and processed online.
Histological procedure
At the end of the experiments, the rats were killed with an overdose of urethane (1.25 g kg −1 , I.P. ). Soon after cardiopulmonary arrest, 500 nl of 1% Evan's Blue dye was injected bilaterally into either the DH, IH or VH as a marker of injection sites. The chest was surgically opened, the descending aorta occluded, the right atrium severed and the brain perfused with 10% formalin through the left ventricle. Brains were post-fixed for 24 h at 4°C, and 40-μm-thick sections were cut with a cryostat (CM-1900; Leica, Wetzlar, Germany). The placement of the injection needles was verified in serial sections, according to the rat brain atlas (Paxinos & Watson, 2007) .
Data analysis
Baseline cardiovascular values before and after drug administration into the hippocampus were compared using Student's paired t test. The baroreflex was analysed using linear regression. The slopes of linear regression Hippocampus modulates baroreflex function curves (HR versus MAP) were determined before, 10 min after and 60 min after microinjection of drugs into the hippocampus. The results of the linear regression were analysed separately using one-way ANOVA followed by Dunnett's post hoc test. Results of statistical tests with P < 0.05 were considered significant. The data are presented as means ± SD.
Experimental protocols
Nine groups of animals were used in this study. Three sets of groups received bilateral microinjection of 500 nl of 0.9% saline into the dorsal (n = 7), intermediate (n = 8) or ventral (n = 8) hippocampus; another three sets received microinjection of 500 nl of 1 mM CoCl 2 in the surrounding structures of the dorsal (n = 7), intermediate (n = 8) or ventral (n = 8) hippocampus; and a final three sets received bilateral microinjection of 500 nl of 1 mM CoCl 2 into the dorsal (n = 7), intermediate (n = 8) or ventral (n = 7) hippocampus.
Baseline haemodynamic parameters (BP and HR) were assessed in each animal before (Baseline Before) and after administration of CoCl 2 or saline (Baseline After). We used the average 5 min of stable recording to assess baseline BP and HR (Fig. 1) . The baroreflex was assessed by infusing, in a random way, vasoactive drugs (phenyl and SNP) through the femoral vein. Phenylephrine and SNP were infused separately in each animal to promote, respectively, an increase or a decrease in BP. The animals received phenyl and SNP at three different times: before, 10 min after and 60 min after administration of either CoCl 2 or saline into hippocampal subareas (Fig. 1) . The correlation between the BP increase and the HR decrease and the relationship between the BP decrease and the HR increase were used to generate, respectively, the bradycardic linear regression and the tachycardic linear regression. We compared the slopes of these linear regressions with each other (before versus 10 min after versus 60 min after) using one-way ANOVA.
Results
Effect of saline or CoCl 2 administered into the DH or its surrounding structures on the baroreflex response of awake rats
Bilateral administration of saline (n = 7) or CoCl 2 (n = 7) into the DH and administration of CoCl 2 in the surrounding structures (n = 7) of the DH did not affect basal levels of MAP or HR (Table 1) .
Linear regression analysis indicated that the injection of 1 mM CoCl 2 into the DH (n = 7) increased the slope of the linear regression of both bradycardia (before, −1.75 ± 0.22; and 10 min after, −2.49 ± 0.61 beats min −1 mmHg −1 ; F 2,20 = 5.29; P < 0.05) and tachycardia responses (before, −2.46 ± 0.53; and 10 min after −3.50 ± 0.78 beats min −1 mmHg −1 ; F 2,20 = 5.00; P < 0.05; Fig. 2 ). The recovery of the baroreflex was observed 60 min after administration of CoCl 2 into the DH (bradycardia, −1.56 ± 0.48 beats min −1 mmHg −1 ; P > 0.05; and tachycardia, −2.22 ± 1.03 beats min −1 mmHg −1 ; P > 0.05; Fig. 2 ). Linear regression analysis showed that administration of saline (vehicle) into the DH (n = 7) did not alter the slopes of bradycardia (before, −1.86 ± 0.66; 10 min after, −1.80 ± 0.95; and 60 min after, −1.80 ± 0.79 beats min −1 mmHg −1 ; F 2,20 = 0.18; P > 0.05) or tachycardia responses (before, −2.57 ± 0.61; 10 min after, −2.50 ± 1.00; and 60 min after, −2.58 ± 0.69 beats min −1 mmHg −1 ; F 2,20 = 0.21; P > 0.05; Fig. 2) .
Linear regression analysis showed that administration of 1 mM CoCl 2 into structures surrounding the DH (n = 7) did not alter the slopes of bradycardia (before, −1.90 ± 0.63; 10 min after, −1.80 ± 0.87; and 60 min after, −2.00 ± 0.69 beats min −1 mmHg −1 ; F 2,20 = 0.12; P > 0.05) or tachycardia responses (before, −2.45 ± 0.42; 10 min after, −2.48 ± 0.77; and 60 min after, −2.26 ± 0.61 beats min −1 mmHg −1 ; F 2,20 = 0.25; P > 0.05; Fig. 2 ). N. C. Ferreira-Junior and others Table 1 . Baseline blood pressure and heart rate measured before and after bilateral microinjection of either 1 mm CoCl 2 or saline
DH IH VH
CoCl 2 into hippocampus n = 7 n = 8 n = 7 Mean arterial pressure t = 1.4 t = 0.9 t = 0.3 Before 104 ± 7 103 ± 6 9 9 ± 8 After 99 ± 5 101 ± 4 100 ± 3 Heart rate t = 1.0 t = 0.3 t = 0.3 Before 364 ± 26 360 ± 25 375 ± 36 After 368 ± 28 363 ± 20 372 ± 27 Saline into hippocampus n = 7 n = 8 n = 8 Mean arterial pressure t = 0.9 t = 0.7 t = 1.2 Before 92 ± 5 102 ± 8 9 0 ± 11 After 88 ± 8 100 ± 6 9 3 ± 8 Heart rate t = 1.0 t = 0.5 t = 0.9 Before 366 ± 50 362 ± 34 355 ± 31 After 376 ± 48 360 ± 28 350 ± 23 CoCl 2 into surrounding structures n = 7 n = 8 n = 8 Mean arterial pressure t = 1.2 t = 1.8 t = 0.1 Before 102 ± 6 104 ± 6 101 ± 9 After 99 ± 5 9 9 ± 5 101 ± 3 Heart rate t = 0.2 
Effect of saline or CoCl 2 administered into the IH or its surrounding structures on the baroreflex response of awake rats
Bilateral administration of saline (n = 8) or CoCl 2 (n = 8) into the IH and administration of CoCl 2 in the surrounding structures (n = 8) of the IH did not affect basal levels of MAP or HR (Table 1) . We demonstrated that 1 mM CoCl 2 (n = 8) injected into the IH did not alter the slope of the linear regression of bradycardia (before, −2.07 ± 0.42; 10 min after, −2.47 ± 0.59; and 60 min after, −1.99 ± 0.39 beats min −1 mmHg −1 ; F 2,23 = 2.24; P > 0.05) or tachycardia responses (before, −1.94 ± 0.59; 10 min after, −3.46 ± 1.13; and 60 min after, −2.01 ± 0.48 beats min −1 mmHg −1 ; F 2,23 = 1.93; P > 0.05; Fig. 3) .
Furthermore, linear regression analysis showed that administration of saline (vehicle) into the IH (n = 8) did not alter the slopes of bradycardia (before, −1.64 ± 0.31; 10 min after, −1.89 ± 0.51; and 60 min after, −1.87 ± 0.39 beats min −1 mmHg −1 ; F 2,23 = 0.92; P > 0.05) or tachycardia responses (before, −1.86 ± 0.65; 10 min after, −1.89 ± 0.59; and 60 min after, −2.02 ± 0.59 beats min −1 mmHg −1 ; F 2,23 = 1.16; P > 0.05; Fig. 3) .
Moreover, administration of 1 mM CoCl 2 into structures surrounding the IH (n = 8) did not alter the slopes of bradycardia (before, −1.74 ± 0.34; 10 min after, −1.95 ± 0.51; and 60 min after, −1.99 ± 0.39 beats min −1 mmHg −1 ; F 2,23 = 0.80; P > 0.05) or tachycardia responses (before, −1.95 ± 0.68; 10 min after, −1.95 ± 0.65; and 60 min after, −2.05 ± 0.56 beats min −1 mmHg −1 ; F 2,23 = 0.57; P > 0.05; Fig. 3 ).
Effect of saline or CoCl 2 administered into the VH or its surrounding structures on the baroreflex response of awake rats
Bilateral administration of saline (n = 8) or CoCl 2 (n = 7) into the VH and administration of CoCl 2 in the surrounding structures (n = 8) of the VH did not affect basal levels of MAP or HR (Table 1) .
Linear regression analysis indicated that 1 mM CoCl 2 injected into the VH (n = 7) impacted only the bradycardic component of the baroreflex response (before, −2.36 ± 0.50; and 10 min after, −1.39 ± 0.10 beats min −1 mmHg −1 ; F 2,20 = 8.36; P < 0.005). The tachycardic response was not changed (before, −2.07 ± 0.63; 10 min after, −1.59 ± 0.58; and 60 min after, −1.61 ± 0.37 beats min −1 mmHg −1 ; F 2,20 = 1.83; P > 0.05; Fig. 4 ). The recovery of the bradycardia response was observed 60 min after administration of CoCl 2 (bradycardia, −2.06 ± 0.58 beats min −1 mmHg −1 ; P > 0.05; Fig. 4 ). Moreover, linear regression analysis showed that administration of saline (vehicle) into the VH (n = 8) did not alter the slopes of bradycardia (before, −1.73 ± 0.37; 10 min after, −1.86 ± 0.65; and 60 min after, −1.94 ± 0.48 beats min N. C. Ferreira-Junior and others −1.87 ± 0.73; 10 min after, −2.05 ± 0.59; and 60 min after, −2.09 ± 0.62 beats min −1 mmHg −1 ; F 2,23 = 0.25; P > 0.05; Fig. 4) .
Administration of 1 mM CoCl 2 into structures surrounding the VH (n = 8) did not alter the slopes of bradycardia (before, −1.64 ± 0.51; 10 min after, −1.72 ± 0.59; and 60 min after, −2.00 ± 0.51 beats min −1 mmHg −1 ; F 2,23 = 0.94; P > 0.05) or tachycardia responses (before, −2.06 ± 0.73; 10 min after, −1.94 ± 0.59; and 60 min after, −2.06 ± 0.68 beats min −1 mmHg −1 ; F 2,23 = 0.07; P > 0.05; Fig. 4) .
Discussion
To the best of our knowledge, the present study is the first to demonstrate that the hippocampus modulates cardiac baroreflex function. Furthermore, our results indicate that the hippocampus does not play a homogeneous role in controlling cardiac baroreflex function. While the inhibition of its dorsal portions facilitated cardiac baroreflex function, an opposite effect was observed when CoCl 2 was injected into the ventral portions. However, we did not find changes in cardiac baroreflex function after inhibition of intermediate parts between the ventral and dorsal hippocampus.
We analysed the cardiac baroreflex response through linear regression to discriminate tachycardic and bradycardic baroreflex responses. Administration of CoCl 2 , a calcium-dependent synaptic neurotransmission blocker, into the DH increased both the bradycardic and tachycardic baroreflex responses. Furthermore, when the synaptic blockade was performed in intermediate portions between the DH and VH, there was no modification in linear regression slopes. In contrast, VH inhibition decreased the slope of the bradycardic linear regression only. These results suggest that the DH and VH may modulate baroreflex function in an opposite manner. Moreover, the hippocampus does not exert a tonic control on BP and HR, because synaptic inhibition of the hippocampus altered neither the BP nor the HR in resting conditions. Some researchers have demonstrated that the hippocampus can influence the cardiovascular system. Electrical stimulation of the hippocampus of cats promoted an increase in BP, an increase or a decrease in HR (Anand & Dua, 1956a) and also increased sympathetic activity (Akert & Andy, 1953) . Furthermore, a study in humans using a functional magnetic resonance imaging procedure to visualize neural responses during pressor (phenyl) and depressor (SNP) challenges revealed a significant decline in signal intensity within the hippocampus after I.V. administration of phenyl (Henderson et al. 2004 ).
Moreover, Ruit & Neafsey (1988) showed that differential stimulation of either the DH or the VH in rats evoked decreases in both BP and HR. However, ablation of the MPFC only markedly attenuated or eliminated cardiovascular responses to stimulation of the VH. The MPFC is a region that sends projections to brainstem areas related to cardiovascular tonic control (Fisk & Wyss, 2000; Vertes, 2004) . Furthermore, the MPFC modulates baroreflex function (Ferreira-Junior et al. 2012 , 2013 . Therefore, the MPFC may be a part of the neural circuitry that allows the VH to modulate cardiac baroreflex function.
In contrast, the DH sends extensive projections to the BNST (Cullinan et al. 1993; Herman et al. 1994; Pacak et al. 1995; Davis et al. 1997; Kishi et al. 2006; Dillingham et al. 2015) . The BNST is also connected to brainstem areas such as the NTS (Holstege et al. 1985; Gray & Magnuson, 1987) , caudal ventrolateral medulla (Giancola et al. 1993 ) and the dorsal nucleus of the vagus (Gray & Magnuson, 1987) . Thus, the BNST could be part of a pathway involved in the cardiovascular alterations elicited by the DH, because the DH does not project directly to brainstem areas involved in cardiovascular control (Castle et al. 2005; Guyenet, 2006; Cenquizca & Swanson, 2007) .
Moreover, the hippocampus innervates the hypothalamus via direct (Canteras & Swanson, 1992; Kishi et al. 2000) and indirect pathways (Risold & Swanson, 1996) , which are topographically organized along the dorsal-to-ventral axis of origin (Risold & Swanson, 1996; Kishi et al. 2000) . The hypothalamus is an area that plays a crucial role in autonomic responses (Swanson, 1981; Herman et al. 1994; Carr & Sesack, 1996; Risold & Swanson, 1996) . Some researchers have shown the participation of various hypothalamic regions in modulation of baroreflex function (Kannan & Yamashita, 1983; Inui et al. 1995; Crestani et al. 2010a) . Therefore, these results suggest that different hippocampal areas located along the dorsoventral axis may project to different hypothalamic regions involved in baroreflex control (Risold & Swanson, 1996) .
An adequate integration between sensory information and autonomic nervous system activation is necessary to adjust the blood perfusion of organs and tissues that are important in a possible situation of flight or fight during aversive conditions (Shoemaker & Goswami, 2015; . During these threat conditions, there is a 'delay' in baroreflex function that allows an increase in HR along with an increase in BP (Schlör et al. 1984; Nosaka, 1996; Crestani et al. 2010b ). The hippocampus is classically involved in both behaviour and cognitive processes, but it can also modulate the autonomic nervous system (including baroreflex function). Results from our group with contextual fear conditioning in rats demonstrated that DH blockade decreases the cardiovascular responses (increase in BP and HR) of animals re-exposed to a compartment in which animals had previously received foot shocks, whereas no changes in the behavioural consequences (freezing time) were observed . Therefore, we speculate that the hippocampus promotes adjustments in baroreflex function during aversive situations. Further studies are required to verify the role played by the hippocampus in baroreflex changes in threatening conditions.
Conclusion
Therefore, our results are in agreement with the recent view that the hippocampus has a longitudinal functional organization on the dorsoventral axis, i.e. the hippocampus modulates baroreflex function in a site-dependent manner. Portions arranged more dorsally play a facilitatory role in cardiac baroreflex function, whereas the ventral portions play an inhibitory role in cardiac baroreflex function.
